ML. CC chemokine receptor 5 deletion impairs macrophage activation and induces adverse remodeling following myocardial infarction. Am J Physiol Heart Circ Physiol 300: H1418 -H1426, 2011. First published February 4, 2011 doi:10.1152/ajpheart.01002.2010, chemokine homing of inflammatory cells into the injured left ventricle (LV) regulates ventricular remodeling, in part by stimulating the extracellular matrix response. The CC chemokine receptor 5 (CCR5) is a key chemokine receptor expressed on macrophages, and CCR5 ligands are highly upregulated post-MI. We hypothesized that deletion of CCR5 would attenuate adverse remodeling by decreasing inflammatory cell recruitment. Accordingly, we examined LV function, macrophage recruitment and activation, and collagen content in wild-type (WT, n ϭ 25) and CCR5 null (n ϭ 33) mice at 7 days post-MI. Both groups had similar infarct sizes (44 Ϯ 2% in WT and 42 Ϯ 2% in CCR5 null; P ϭ 0.37). However, the LV remodeling index (end diastolic volume/LV mass) increased to a larger extent in CCR5 null (1.28 Ϯ 0.08 l/mg for CCR5 null and 1.02 Ϯ 0.06 l/mg for WT; P Ͻ 0.05). Although numbers of infiltrated macrophages were similar in WT and CCR5 null mice, CCR5-deficient macrophages isolated from the infarct zone displayed Ͼ50% decrease in gene expression levels of proinflammatory activation markers (interleukin-1␤, interleukin-6, and tumor necrosis factor-␣), as well as anti-inflammatory activation markers (arginase 1, CD163, mannose receptor, and transforming growth factor-␤1) compared with WT (all P Ͻ 0.05). Concomitant with the reduced macrophage activation, heat shock protein-47 and collagen type I precursor levels in the infarct region decreased in the CCR5 null (1.2 Ϯ 0.3 units in the CCR5 null and 2.3 Ϯ 0.4 units in the WT; P Ͻ 0.05), while collagen fragments increased (88.3 Ϯ 5.9 units in the CCR5 null and 32.7 Ϯ 8.5 units in the WT; P Ͻ 0.05). We conclude that CCR5 deletion impairs LV remodeling by hindering macrophage activation, which stimulates an imbalance in collagen metabolism and increases the remodeling index. inflammation; matrix metalloproteinases; CC chemokines CC CHEMOKINES CONTROL IMMUNE responses by regulating the recruitment and activation of leukocytes. CC chemokine ligand 2 (CCL2; monocyte chemotactic protein-1), CCL3 (macrophage inflammatory protein-1␣), CCL4 (macrophage inflammatory protein-1␤), and CCL5 (regulated on activation normal T-expressed and presumably secreted) chemokines, in particular, have monocyte chemotactic activities, and neutralization of these chemokines and downstream signaling results in reduced macrophage infiltration to sites of inflammation (2, 3, 15). In vivo, CCL2, CCL3, and CCL5 have been implicated in left ventricular (LV) remodeling, as levels of these CC chemokines increase post-myocardial infarction (MI) in both animal models and humans, and serum levels increase further in patients who progress to heart failure (5, 6, 24).
T-expressed and presumably secreted) chemokines, in particular, have monocyte chemotactic activities, and neutralization of these chemokines and downstream signaling results in reduced macrophage infiltration to sites of inflammation (2, 3, 15) . In vivo, CCL2, CCL3, and CCL5 have been implicated in left ventricular (LV) remodeling, as levels of these CC chemokines increase post-myocardial infarction (MI) in both animal models and humans, and serum levels increase further in patients who progress to heart failure (5, 6, 24) .
CC chemokines receptor 5 (CCR5) is the major coreceptor for human immunodeficiency virus infection of macrophages and is the natural receptor for CCL2, CCL3, CCL4, and CCL5, although the affinity of CCR5 for CCL2 is low (14, 29, 30) . Post-MI, CCR5 and its four ligands are prominently expressed within 24 h (7, 16) . CCR5 has been suggested to mediate macrophage infiltration into healing myocardium (14, 19) . In the post-MI LV, macrophages are a key source of matrix metalloproteinases (MMPs) that break down extracellular matrix (ECM) components and growth factors, such as transforming growth factor (TGF)-␤1, that activate fibroblasts to deposit ECM and facilitate scar formation (8, 11, 13, 21, 28, 31) . We hypothesized that CCR5 deletion would attenuate adverse LV remodeling by decreasing macrophage infiltration and reducing the inflammatory response. Accordingly, we examined the effect of CCR5 deletion after experimental MI, focusing on LV function, macrophage infiltration and activation, fibroblast activation, collagen content, and MMP levels.
MATERIALS AND METHODS
All animal procedures were conducted according to the "Guide for the Care and Use of Laboratory Animals" (National Institutes of Health publication no. 85-23, revised 1996) and were approved by the Institutional Animal Care and Use Committee at the University of Texas Health Science Center at San Antonio.
Mice. Control groups consisted of 3-to 6-mo-old C57BL/6 wildtype (WT; n ϭ 13) and CCR5 null (n ϭ 13) mice of both sexes at day 0. WT (n ϭ 44) and CCR5 null mice (n ϭ 60), 3-6 mo old of both sexes, were used for a 7-day MI study. MI was induced by surgical ligation of the left anterior descending coronary artery, as described previously (20) . After 7 days of permanent ligation, 31 WT mice and 42 null mice survived. Of these, 25 WT mice and 33 null mice underwent echocardiographic assessments at day 7 post-MI. WT (n ϭ 15) and null (n ϭ 20) LV were used for histology, and WT (n ϭ 6) and null (n ϭ 9) LV were used for macrophage isolation. For immunoblotting, 10 WT controls, 11 null controls, 11 WT post-MI, and 23 null post-MI were used.
At 7 days post-MI, LV tissue was collected. Tissue from animals that died spontaneously before the 7-day time point was not included in this study. The mice were anesthetized with 2% isoflurane, and the coronary vasculature was flushed with cardioplegic solution (or DMEM for the animals used for macrophage isolation). The hearts were excised, and the LV and right ventricle (RV) were separated and weighed individually. The LV was sectioned into apex, midcavity, and base slices and stained with 1% 2,3,5-triphenyltetrazolium chloride (Sigma) for infarct sizing (25) . The infarct and remote regions from the apex and base were separated, snap frozen, and stored at Ϫ80°C for biochemical analysis, or were used for macrophage isolation. The midcavity was fixed in 10% zinc formalin for histological examination. The lungs were also removed and weighed.
Echocardiographic measurements. Echocardiograms were acquired under spontaneous respiration with 0.5-2% isoflurane in a 100% oxygen mix. Electrocardiogram and heart rate were monitored throughout the imaging procedure using a surface electrocardiogram. All images were acquired with the use of a Vevo 770 High-Resolution In Vivo Imaging System (Visual Sonics) and were taken at a heart rate Ͼ400 beats/min to achieve physiologically relevant measurements. Measurements were taken from the two-dimensional parasternal longaxis and short-axis (m-mode) recordings of the LV. For each parameter, three images from consecutive cardiac cycles were measured and averaged. The LV remodeling index was calculated as the enddiastolic volume to LV mass ratio (1) .
Histology. Midventricular transverse sections of the LV were embedded in paraffin, sectioned at 5 m, and stained using hematoxylin and eosin. Picrosirius red staining was used to visualize collagen content. Immunohistochemistry was performed with the use of the Vectastain ABC kit (Vector Laboratories). HistoMark Black (KPL 54 -75-00) was used to visualize positive staining, with eosin as a counterstain. Antibodies specific for macrophages (Mac 3, Cedarlane CL8943AP; 1:100 dilution) and neutrophils (Antibodies Direct, Serotec MCA 771G; 1:100 dilution) were used to selectively detect macrophages and neutrophils, and staining levels were quantified using Image-Pro software (Media Cybernetics) to calculate percentage of total area stained positive. Negative controls included no primary and IgG-matched isotype antibodies.
Macrophage isolation. To isolate macrophages from the 7-day LV infarct, LV tissue from C57BL/6 (3 female, 3 male) and CCR5 null (5 female, 4 male) was minced and dissociated into single-cell suspension using liberase blendzyme (0.25 mg/ml, Roche Applied Science). Cells were washed and resuspended in cold phosphate-buffered saline (PBS) supplemented with 0.5% BSA and 2 mM EDTA and applied over preseparation filters (Miltenyi Biotec 130-041-407). Cell number was determined, and the concentration was adjusted to 1 ϫ 10 7 cells per 80 l buffer. The cells were incubated with CD11b microbeads (Miltenyi Biotec 130-049-601) for 15 min, and the positive cells were isolated using magnetic MS columns following the manufacturer's recommendations (Miltenyi Biotec 130 -042-201). RNA extraction was immediately performed on the isolated cells using PureLink RNA Mini Kit (Invitrogen 12183-018A), and cDNA was synthesized using High Capacity RNA to cDNA Kit (Applied Biosystems 4387406).
Real-time PCR. To assess macrophage mRNA expression of proinflammatory M1 and anti-inflammatory M2 macrophage markers, quantitative RT-PCR for the following was performed: arginase-1, CD-163, interleukin (IL)-1␤, IL-6, IL-10, mannose receptor 1, MMP-9, TGF-␤1, and tumor necrosis factor-␣ (TNF-␣). Quantitative RT-PCR was performed using Power SYBR Green PCR Master Mix (ABI 4367659) and the primer sequences listed in Table 1 Arginase-1 5=-ACGGCAGTGGCTTTAACCTT-3= 5=-GCGCATTCACAGTCACTTAGG-3= CD-163 5=-CCAAGCTGTGAAGGCACTAAA-3= 5=-ACGGTTTGGCAGGACAATC-3= GAPDH 5=-CCATGGAGAAGGCTGGGG-3= 5=-CAAAGTTGTCATGGATGACC-3= IL-1␤ 5=-ATAACCTGCTGGTGTGTGACG-3= 5=-GGTGGAGAGCTTGCAGCTCAT-3= IL-6 5=-TGATGGATGCTACCAAACTGG-3= 5=-TCTGAAGGACTCTGGCTTTGTC-3= IL-10 5=-CAGTGGAGCAGGTGAAGAGTGA-3= 5=-CCTGGAGTCCAGCAGACTCAAT-3= Mannose R1 5=-ATGAAGATCACAAGCGCTGC-3= 5=-TGACACCCAGCGGAATTTC-3= MMP-9 5=-GCATACTTGTACCGCTATGG-3= 5=-TAACCGGAGGTGCAAACTGG-3= TGF-␤1 5 =-ATTCAGCGCTCACTGCTCTT-3= 5=-CGGTTCATGTCATGGATGG-3= TNF-␣ 5=-CTTCTCATTCCTGCTTGTGG-3= 5=-GGCCATAGAACTGATGAGAGG-3=
IL, interleukin; MMP-9, matrix metalloproteinase-9; TGF-␤1, transforming growth factor-␤1; TNF-␣, tumor necrosis factor-␣. levels were normalized for cell number, and GAPDH expression was used as housekeeping control.
Protein extraction. Soluble proteins were extracted from the infarct region of the LV (LVI) and noninfarct region (LVC) by homogenizing the sample in PBS containing 1ϫ Complete Protease Inhibitor Cocktail (Roche). Insoluble proteins (proteins that were pelleted after centrifugation of the soluble fraction) were extracted using Sigma Reagent 4 (7 M urea, 2 M thiourea, 40 mM Trizma base, and the detergent 1% C7BzO) and 1ϫ protease inhibitor cocktail. Protein concentrations were determined using the Bradford assay. Due to the high urea content in Reagent 4, insoluble protein extracts were diluted 1:40 with water for Bradford assay compatibility. Total protein (10 g) for each fraction of all samples was run on one-dimensional SDS gels stained with Coomassie blue to verify protein concentration and loading accuracy.
Immunoblotting. Soluble and insoluble protein levels were quantified by immunoblotting using the following antibodies: bone morphogenetic protein 1 (BMP-1; Abcam ab38953), heat shock protein-47 (HSP-47; Epitomics 3198 -1), MMP-2 (a gift from Dr. Bjorn Steffensen), MMP-8 (Calbiochem PC493), MMP-9 (Abcam ab38898), MMP-13 (Abcam ab75606), MMP-14 (Abcam ab53712), rabbit anticollagen type I (Cedarlane CL50141AP and Cosmo LSL-LB-1102), and rabbit anti-collagen type III (Cosmo LSL-LB-1300). Equal quantities of total protein (10 g) were loaded on 26-well 4 -12% Criterion Bis-Tris gels (Bio-Rad). Equal protein transfer was verified using Ponceau staining of the nitrocellulose membranes. Immunoblotting was performed as previously described (4). Molecular Imaging Software (Kodak) was used to measure densitometry, which was normalized to the 43-kDa Ponceau-stained band.
Statistical analyses. Data are reported as means Ϯ SE. Two group comparisons were performed using Student's t-test. One-way ANOVA followed by Student Newman-Keuls post hoc test was used for comparisons of more than two groups. A P Ͻ 0.05 was considered significant.
RESULTS

7-Day mortality post-MI.
During the 7 days post-MI, WT mice had a mortality rate of 29.5% (13 of 44 mice), and the CCR5 mice had a mortality rate of 30.0% [18 of 60 mice; P ϭ nonsignificant (NS)]. In the WT group, 61.5% of the deaths (8 of 13) were confirmed cardiac ruptures, whereas, in the CCR5 null group, 66.6% of the deaths (12 of 18) were due to rupture (P ϭ NS). Nonrupture-related deaths, most probably the result of heart failure or arrhythmias, accounted for 38.5% of the deaths (5 of 13) in the WT mice and 33.3% of the deaths in the CCR5 null mice (P ϭ NS). In the WT group, the male mortality rate was 47.8%, and the female mortality rate was 9.5%. CCR5 null mice showed similar rates, at 45.2% for the males and 13.8% for the females (P ϭ NS).
Echocardiographic and morphometric analyses. Echocardiographic, necropsy, and infarct size analyses for WT and CCR5 null mice at 7 days post-MI are shown in Table 2 . The echocardiographic and morphometric analyses were analyzed separately by sex, but there were no differences seen for the WT male vs. female or null male vs. female comparisons. Therefore, the sexes were combined for further analyses. The control day 0 groups demonstrated no differences in LV mass, RV mass, and lung mass between WT and null. In response to a similar extent of initial myocardial injury (infarct sizes were 44 Ϯ 2% for the WT and 42 Ϯ 2% for the CCR5 null, P ϭ NS), both groups showed significant increases in LV mass and LV-to-body weight ratio compared with the day 0 controls (P Ͻ 0.05).
WT and CCR5 null post-MI mice also demonstrated significant increases in end-diastolic dimensions and end-systolic dimensions, and a decrease in posterior wall thickness and percent fractional shortening compared with controls (P Ͻ 0.05 for all). Both WT and CCR5 null mice had significant increases in end-diastolic volumes and end-systolic volumes post-MI compared with day 0 controls. Ejection fraction significantly decreased in WT and null mice post-MI compared with day 0 controls (all P Ͻ 0.05). The calculated LV remodeling index (end-diastolic volume-to-LV mass ratio) significantly increased in the CCR5 null MI mice compared with WT MI mice (P Ͻ 0.05). Consistent with this result, RV mass and lung wet weight increased in the CCR5 null post-MI, but not the WT post-MI group, compared with the day 0 controls (P Ͻ 0.05). The increases in RV and lung wet weights indicate pulmonary edema, consistent with more adverse remodeling in the MI mice with targeted deletion of CCR5.
Macrophage infiltration and activation and fibroblast response. Because CCR5 has been suggested to be a key receptor influencing macrophage migration, midcavity sections of the LV from WT MI (9 female, 6 male) and CCR5 null MI (10 female, 10 male) groups were immunostained for macrophages. No differences were detected in macrophage-stained areas of WT MI and CCR5 null MI LV sections [1.5 Ϯ 0.3% for WT (n ϭ 15) and 1.1 Ϯ 0.2% for CCR5 null (n ϭ 20; P ϭ NS)], indicating similar number of macrophages infiltrated into the infarct region of both groups by day 7 post-MI (Fig. 1) .
Since macrophage numbers were similar, we examined the activation phenotypes of macrophages isolated from the LV infarct region. We isolated 4.1 Ϯ 2.4 ϫ 10 5 infarct macrophages from the WT mice (n ϭ 6) and 2.7 Ϯ 1.1 ϫ 10 5 infarct macrophages from the CCR5 null mice (n ϭ 9; P ϭ NS). The fact that we isolated similar numbers of cells from both groups is consistent with the immunohistochemistry results. CCR5 null macrophages showed decreased gene expression levels of inflammatory markers IL-1␤, IL-6, MMP-9, and TNF-␣ ( Fig. 2A) , as well as anti-inflammatory markers arginase-1, CD163, mannose receptor-1, and TGF-␤1 (Fig. 2B) . These results indicate that CCR5 deletion impaired macrophage activation in the ischemic myocardium.
Because macrophage activation was impaired in the CCR5 null mice, we immunostained the infarct region for neutrophils at day 7 to see if neutrophil removal was reduced. Both WT and CCR5 null sections showed similarly low levels of staining at day 7, indicating that macrophage phagocytic abilities were not altered by CCR5 deletion.
Given that macrophage activation influences fibroblast activation, and attenuated macrophage activation could reduce the fibrotic response during myocardial healing post-MI, we quantified fibroblast activation using the procollagen-specific chaperone, HSP-47. By immunoblot analysis, HSP-47 was found to be significantly decreased in the infarct region of CCR5 null mice compared with the WT infarct region (Fig. 3, A and C) . These results indicate that impaired macrophage activation in the absence of CCR5 hinders the downstream fibrotic response post-MI.
Collagen content. To qualify collagen content, the midcavity sections of the LV from WT MI and CCR5 null MI were stained with picrosirius red. Hematoxylin and eosin staining revealed no obvious differences in the infarct regions of the WT and CCR5 null mice (Fig. 4, A and B) however, picrosirius red staining demonstrated that total collagen content was qualitatively decreased in the CCR5 null infarct (Fig. 4D ) compared with the WT infarct (Fig. 4C) .
To quantify the collagen content in WT and CCR5 null LV protein extracts, we measured procollagen type I levels by immunoblotting. Procollagen type I was decreased in the infarct region of the CCR5 null mice compared with WT; LVI levels (Fig. 5A) . Consistent with this finding, the CCR5 null LVI samples showed increased generation of type I and type III collagen fragments (Fig. 5, B and C, respectively) .
MMPs. MMPs are critical components of post-MI inflammation, and MMP levels regulate ECM content during scar formation (21, 35) . In addition to the ECM degrading MMPs, BMP-1 is a metalloproteinase that stimulates collagen crosslinking by activating lysyl oxidase (22) . Therefore, we quantified protein levels of BMP-1 and MMP-2, -8, -9, -13, and -14 in the LV protein extracts of WT and CCR5 null day 0 controls (WT and null, respectively) and remote and infarct regions (LVC and LVI) of day 7 MI samples. For both groups, BMP-1 levels in LV extracts were unchanged from controls at 7 days post-MI (Fig. 6A ). MMP-2 levels increased in the infarct region of WT mice and increased to a lesser extent in the infarct regions of the CCR5 null group (Fig. 6B) . MMP-8 levels were higher in the remote region of the CCR5 null compared with the WT remote region (Fig. 6C) . MMP-9 levels increased similarly in the infarct regions of both groups compared with the respective day 0 controls (Fig. 6D) . MMP-13 levels decreased post-MI in both remote and infarct regions of WT, but decreased only in the infarct region of the CCR5 null (Fig. 6E) . MMP-14 increased post-MI in the WT, but not CCR5 null, infarct region (Fig. 6F) . To summarize, overall protease levels were reduced in the infarct region of the CCR5 null mice compared with the WT mice.
DISCUSSION
CCR5 is a key receptor expressed on macrophages that regulates inflammatory responses. We examined the functional consequences of CCR5 gene deletion on post-MI remodeling, with respect to echocardiographic parameters, macrophage infiltration and activation, collagen content, and metalloproteinase levels. The significant and unique findings of this study were that permanent MI induction in CCR5 null mice resulted in 1) decreased macrophage activation; 2) decreased total collagen with a concomitant increase in collagen fragments in the infarct; and 3) increased remodeling index at day 7 post-MI.
CCR5 is a proinflammatory receptor and a coreceptor for human immuodeficiency virus-1 (HIV-1) virus infection of Fig. 3 . Heat shock protein (HSP)-47 decreases in the CCR5 null infarcts post-MI. A and C: HSP-47 protein levels increase in the WT infarct region compared with controls. In the absence of CCR5, post-MI HSP-47 protein levels remain unchanged from day 0 controls, and HSP-47 levels were decreased in the null infarct region compared with WT infarct region. B: Ponceau S stained membrane was used as protein loading control. F, mouse myofibroblast cell extract. Values are means Ϯ SE. Sample sizes are n ϭ 10 for WT control; n ϭ 11 for WT LV noninfarct (LVC) remote region; n ϭ 11 for WT LV infarct (LVI) infarct region; n ϭ 11 for null control; n ϭ 23 for null LVC remote region; and n ϭ 23 for null LVI infarct region. *P Ͻ 0.05 compared with matching control WT or null; †P Ͻ 0.05 compared with WT LVI. Fig. 4 . CCR5 deletion attenuates collagen deposition at day 7 post-MI. LV midcavity sections of WT (A) and CCR5 null mice (B) post-MI, stained with hematoxylin and eosin, show similar infarct characteristics (ϫ20 magnification). Picrosirius red staining of WT (C) and CCR5 null sections (D) show higher total collagen levels in the WT group compared with CCR5 null infarct (ϫ100 magnification). macrophages (30) . A 32-bp deletion in the CCR5 gene in a subpopulation of humans results in an inactive, truncated receptor. This deletion confers resistance to HIV and suggests a positive role for CCR5 deletion in infectious diseases. In diseases with a chronic inflammatory component (e.g., arthritis, asthma, and atherosclerotic lesions), patients homozygous or heterozygous for the 32-bp mutation are also protected as a result of an attenuated inflammatory response (12) . Inflammation, however, is a necessary and essential component of the healing process post-MI, and macrophages are a primary factor (10, 18) . Macrophage infiltration into the infarct area regulates phagocytosis of necrotic myocytes and apoptotic neutrophils, collagen metabolism (both degradation and synthesis), and fibroblast activation (17) . Whether CCR5 deletion would benefit cardiac wound healing had not previously been evaluated in detail.
In our study, CCR5 null mice showed an increased remodeling index compared with the WT. Consistent with signs of adverse remodeling and an early progression to heart failure, CCR5 null mice had increased RV and lung wet weight. The increases in RV and lung weights indicate pulmonary edema, consistent with more adverse remodeling in the MI mice with targeted deletion of CCR5. In agreement with these findings, Dobaczewski and colleagues (7) demonstrated, in an ischemiareperfusion model, that CCR5 null mice have increases in LV end-diastolic dimensions, end-diastolic volumes, and decreased fractional shortening at 7 days postreperfusion. The monocyte chemoattractant protein-1 (CCL2) null mice and CCR2 null mice both demonstrate no survival benefit compared with WT at 28 days post-MI but attenuated ventricular dysfunction (9, 14) .
In the absence of CCR5, macrophage accumulation and neutrophil egression did not change in our permanent occlusion model, a finding also supported by the ischemia-reperfusion study performed by Dobaczewski and colleagues (7) . Combined, these data indicate that CCR5 deletion is not critical for macrophage infiltration into infarcted myocardium, in contrast to CCR2 null macrophages, which show a decreased and delayed accumulation (6). After 7 days of permanent left anterior descending ligation, CCR5 null macrophages showed blunted activation, as evidenced by lower expression of IL-1␤, IL-6, MMP-9, and TNF-␣, as well as arginase-1, CD163, mannose receptor 1, and TGF-␤1. In agreement with our study, the Frangogiannis laboratory showed in their ischemia-reperfusion model that CCR5 null mononuclear cells had reduced expression of IL-1␤ and the anti-inflammatory cytokine IL-10 compared with their WT counterparts (7) . The decreased expression of proinflammatory and anti-inflammatory markers on macrophages could be the result of CCR5 effects on T-cell function. Previously, Yi and colleagues (33) demonstrated that CD4ϩ T-cell-activated macrophages recognize and reject xenografts in the absence of other immune effector cells. In a follow-up study to evaluate the signaling pathway, isolated CCR5-deficient macrophages from xenograft recipients showed an impaired activation phenotype, suggesting that CCR5 signaling mediates CD4ϩ Tcell-macrophage activation (34) . Interestingly, in the CCR5 ischemia-reperfusion MI study, CCR5 deficiency was strongly associated with a decrease in regulatory CD4ϩ T cell recruitment, indicating that CCR5 signaling directs both T-cell recruitment and subsequent T-cell activation of macrophages (7).
After ischemia-reperfusion, global expression of inflammatory and anti-inflammatory markers increased in the infarcts of CCR5 null mice. In addition, the ratio of IL-1␤ to IL-10 or TGF-␤1 also increased in the CCR5 null mice, indicating enhanced inflammation. As a result, MMP-2 and -9 activities were increased in the CCR5 null at 72 h of reperfusion. In contrast, after 7 days of permanent ligation, the CCR5 null infarcts in our study showed significantly decreased MMP-2 protein levels, while MMP-9 levels were increased similarly in both WT and CCR5 infarcts. These differences could be attributed to differences in macrophage responses to the ischemia-reperfusion and permanent ligation stimuli or to the kinetic differences between the 72-h and 7-day time points.
HSP-47 levels were suppressed in the CCR5 null infarct region. HSP-47 is a procollagen-specific chaperone that serves as a pro-fibrotic marker (27) . Consequent with the reduced HSP-47 levels, procollagen I protein levels were decreased and type I and type III collagen fragments increased. This suggests that fibroblast activation was impaired in the CCR5 null mice. Cardiac fibroblasts respond to several inflammatory cytokines released by macrophages, including IL-1␤, IL-6, TNF-␣, and TGF-␤1. There- Fig. 6 . Metalloproteinase levels in WT and CCR5 null mice post-MI. A: bone morphogenetic protein (BMP)-1 levels remained unchanged among all groups. B: MMP-2 increased in both WT and null LVI infarct regions, compared with the respective day 0 controls. However, the increase was attenuated in the null infarct region compared with WT infarct region. C: MMP-8 levels increased in the null LVC remote region compared with the WT LVC remote region. D: MMP-9 protein levels increased similarly in both WT and null LVI infarct regions, compared with the respective day 0 controls. E: MMP-13 levels decreased in WT LVC remote and WT LVI infarct regions, compared with WT day 0 levels. In the null, MMP-13 decreased in the LVI infarct region, compared with the null day 0 levels. Higher MMP-13 levels were found in the null LVC remote region compared with the WT LVC remote region levels. F: MMP-14 protein levels increased in the WT LVI infarct region, and MMP-14 levels were significantly lower in the null LVI infarct region compared with the WT LVI infarct region. Values are means Ϯ SE. Sample sizes are n ϭ 10 for WT controls; n ϭ 11 for WT LVC remote region; n ϭ 11 for WT LVI infarct region; n ϭ 11 for null controls; n ϭ 23 for null LVC remote region; and n ϭ 23 for null LVI infarct region. *P Ͻ 0.05 compared with matching control WT or null; †P Ͻ 0.05 compared with respective WT LVC or WT LVI.
fore, it is possible that infarct healing in the CCR5 null mice is impaired as a result of reduced macrophage activation, leading to decreased fibroblast activation that results in an imbalance between collagen degradation and synthesis (26, 32) . Similar results were seen by Van Amerongen and colleagues (31) , who used clodronate liposomes to deplete macrophages in a cryoinjury model of LV remodeling. Their results demonstrated that macrophage depletion reduced collagen deposition and impaired myocardial wound healing, consistent with the macrophage response being a mediator of myocardial reparative functions, particularly the fibrotic response (23) .
There were several limitations of the study. These include the following: 1) the data presented here for macrophage infiltration were obtained at 7 days post-MI, and no other temporal data were acquired; 2) the MMP levels reported represent total protein, which does not equal activity and may explain why collagen fragment levels increased; and 3) the animals used in this study were 3-6 mo old, and results are likely to be different in older animals.
In conclusion, we demonstrate in this study that CCR5 deletion, while beneficial in infectious diseases and chronic inflammatory processes, such as HIV transmission, arthritis, and atherosclerosis, may actually impart negative consequences in the setting of acute inflammation and post-MI remodeling. CCR5 null mice showed impaired wound healing concomitant with reduced macrophage activation. CCR5 inhibitors are clinically used to treat HIV patients, but the model that emerges from this study suggests that CCR5 inhibition needs to be assessed in the post-MI setting. Future studies to examine the role of CCR5 inhibition or polymorphisms in post-MI responses in larger animal models and patients are also warranted. Our data suggest that CCR5 deletion imparts a net negative consequence in the setting of acute inflammation and post-MI remodeling by attenuating macrophage activation and decreasing the fibrotic response.
